As shown by their presence at very old archaeological sites like the famous caves of southwestern France [ 11, pictures have interested people for a long time. This interest has two related aspects. On the one hand, we have an interest in the picture of reality provided to us in bits and pieces by our senses and their scientific or technological enhancements. On the other hand, we also have an interest in pictures for communication-pictures to transmit information among ourselves as well as to and from our increasingly sophisticated information-processing machines. The geometric aspects of this second kind of communication will be our prime focus.
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It is useful to have a working definition of what a picture is, and I propose the following: A picture is produced through establishment of a relation between one space and another so that some spatial properties of the first are preserved in the second, which is its image, or picture. A perspective projection is one of many ways in which this definition may be satisfied.
The definition may be fleshed out, by stating exactly what properties are preserved, as cartographers do, but the basic idea is that, though the picture may discard some of the original information, the relation between the object and the picture is not arbitrary. The challenge in the design of a picture is the decision of what to preserve and what to discard.
Artists, of course, have been making these decisions for thousands of years. One interesting aspect of this history is that early art was not focused on the preservation of spatial properties, which I have asserted to be the essence of a particular symbolic relation, however, arises through a change in the level of abstraction.
The crucial point to be made is that, for objects of the same level of abstraction, the relation between the geometry of the content of a picture and that of its depicted space is not arbitrary. The symbolic meaning of its content is not similarly constrained, For instance, the meaning of an Egyp tian hieroglyph for the Eye of Horus (Fig. 1) is not constrained by geometry. Each part of the eye represents a fraction. These seemingly arbitrary assignments follow from a myth in which the sun, represented by the eye, was torn to pieces by the God of Darkness, later to be reassembled by Thoth, the God of Learning. Symbols have from the very beginning found their way into many pictures, and we live with both the symbolic and the geometric aspects of pictorial communication. Distinguishing the symbolic aspect of a picture from its geometric structure also has the useful role of underscoring the ambiguous nature of a picture. Though it inherently represents an alternative space, a picture itself is an object with a flat surface and a fixed distance from the viewer, and the symbols contained in it may be seen as either on the surface of the picture itself or in an alternative depicted space. 
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A picture must be created. In the past, the computation, as we may call it, of a picture has primarily been a manual activity limited by the artist's manual dexterity, observational acumen and pictorial imagination. This activity has two separable parts, the shaping and placement of the components of the image, and their rendering and shading.
While this second part is clearly important and can contribute in a major way to the success of a picture, it is not central to the discussion I wish to develop. Though the rendering of the image can help establish the virtual or illusory space that the picture depicts and can, as in Leonardo's studies of women's hands, literally make the s u b ject matter reach out of the picture plane [3], shading is not essential for the definition of this virtual space. Quite vivid virtual spaces can be depicted solely by outlined cartoon elements with no rendering. Shaping and placement are essential. These elements reflect the underlying geometry used to create the image and, when combined with a lighting model, determine how the image is to be rendered. By their manipulation, the artist can define or confuse (e.g. Escher's Waterfall [4] ) the virtual space conveyed by the picture.
While the original problems of shaping, positioning and rendering remain, the computation of contemporary pictures is no longer restricted to manual techniques. The introduction of computer technology has enormously expanded the artist's palette and provided a new three-dimensional canvas on which to create dynamic, synthetic universes; yet the perceptual and cognitive limits of the viewers have remained much the same. Thus there is now a special need for artists, graphic designers and other creators of pictures for communication to understand these limitations of their viewers.
SPATIAL INSTRUMENTS
In order to understand how the spatial information presented in pictures may be communicated, it is helpful to distinguish between images that may be described as spatial displays and those that were designed to be spatial instruments. One may think of a spatial display as any dynamic, artificial, systematic mapping of one space onto another. A picture or a photograph is a spatial display at an instant of time. A silhouette cast by the sun is not, because it is a natural phenomenon and not synthesized by humans.
A spatial instrument, in contrast, is a spatial display that has been enhanced by geometric, symbolic or computational techniques to insure that the communicative intent is realized. A simple example of a spatial instrument is an analogue clock, in which the angular positions of the arms are proportional to time; the viewer's angleestimation task is assisted by marks designating the hours and minutes. Thus, the communicated variable, time, is proportional to a spatial property of the display and is not encoded as a string of characters.
The spatial instruments that I wish to focus attention on are generally interactive: the communicated information flows back and forth between the viewer and the instrument. Some of this bidirectional flow exists for practically all spatial instruments, since movement of the viewer can have a major impact on the appearance of the display. However, the displays I wish to consider are those incorporating at least one controlled element, such as a cursor, which is used to extract information from the instrument or input information to it.
Spatial instruments have a long history. One of the first ever made, dating from 80-60 B.c., was an astrolabe-like device uncovered in 1901 near Antikythera in Greece but not fully described until the late 1950s by De Solla Price [5] , who was able to deduce many of its principles of operation by X-raying the highly corroded remains. In this instrument, the communicated variables were the positions of heavenly bodies. Though many subsequent early spatial instruments also have been mechanical and, like the famous Prague town hall clock, have been associated with astronomical calculations [6] , this association is not universal. Maps, when combined with mechanical aids for their use, certainly meet the definition of a spatial instrument.
Choice of map projection may depend on the spatial property of greatest importance. For example, straight-line mapping of compass courses (rhumb lines), which are usually curved on maps, could be preserved as in Mercator projections [ 7.81. This type of projection is an example of a geometric enhancement. The overlaying of latitude and longitude lines, which also assist navigation, is an example of symbolic enhancement. When fitted with these enhancements, the map becomes a nomographic calculating instrument for navigation.
Contemporary spatial instruments are found throughout the modern aircraft cockpit, the most notable probably being the attitude direction indicator, which displays a variety of signals related to the aircraft's attitude and orientation. More recent versions of these standard cockpit instruments have been realized with cathode ray tube (CRT) displays, which have generally been modeled after their electromechanical predecessors [9] . But future cockpits promise to look more like offices than anything else. In these offices, however, the computer graphics and CRT display media allow the conception of totally novel display formats for totally new, demanding aerospace application.
For instance, a pictorial spatial instrument to assist informal, complex, orbital navigation in the vicinity of an orbiting spacecraft has been described [ 101. Other 
GEOMETRIC ENHANCEMENT
There are various kinds of geometric enhancements that may be introduced into spatial displays, but their common feature is a transformation of the metrics of either the displayed space or the objects it contains. An example is found in relief topographic maps, in which it is useful to exaggerate the vertical scale [ 121. This technique has also been used for experimental traffic displays for commercial aircraft [13] (Fig. 2) .
Another type of geometric enhancement important for displays of objects in three-dimensional space involves the choice of the position and orientation viewing direction. Azimuth, elevation and roll of the synthetic camera used by a computer graphics system to make an image may be selected to project objects of interest with a useful aspect and appropriate subjective position. This selection is particularly important for displays without stereoscopic cues, but all types of displays can benefit from an appropriate selection of these parameters [14] .
The introduction of deliberate spatial distortion into a spatial instrument can be a useful way to use geometric enhancement to improve the communication of spatial information to a view- er. The distortion can be used to correct underlying subjective biases in spatial judgments. For example, judgments of the relative direction of one displayed objectwith respect to another exhibit a telephoto bias: the subjects behave as if they were looking at the display through a distorting telephoto lens. This bias can be corrected by the introduction of a compensating wideangle distortion when the image is created [15, 16] .
SYMBOLIC ENHANCEMENT
Symbolic enhancements generally consist of objects, scales or metrics that are introduced into a display to assist the pick-up of the communicated information. The usefulness of such symbolic aids can be seen, for example, in die plays that present air-traffic situation information and that focus attention on the relevant variables of a traffic encounter, such as an intruding aircraft's position with respect to another aircraft [ 
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One way to present an aircraft's position relative to a pilot's own ship on a perspective display is to draw a grid at a fixed altitude below an aircraft symbol and to drop reference lines from the symbol onto the grid. If each displayed aircraft is given a predictor vector that shows future position, a similar second reference line can be dropped from the end of the predictor line.
The second reference line from the end of the predictor not only serves to show the aircraft's future position on the grid but additionally clarifies the aircraft symbol's otherwise ambiguous aspect. Interestingly, it can also improve perception of the target's apparent direction with respect to a pilot's own ship. This effect has been shown in an experiment examining the effects of reference lines on egocentric percep tion of azimuth [18] . I present the experiment here as an example of how psychophysical evaluation of images can help improve their information display effectiveness.
In this experiment, subjects viewed static perspective projections of aircraft-like symbols elevated at three different levels above a ground reference grid a low level below the viewing direction, a middle level coincident with the viewing direction and a high level above the viewing direction. The aircraft symbols had straight predictor vectors projecting forward showing their future position. In one condition, reference lines were dropped only from the current aircraft position; in the second condition, reference lines were dropped both from the current and from the predicted position (Fig. 3) .
The first result of the experiment was that subjects made substantial errors in their estimation of the azimuth rotation of the aircraft; they generally saw it rOtated more toward their frontal plane, a plane parallel to the surface of the picture, than in fact it was. The second result was that the error toward the frontal plane for the symbols with one reference line increased as the distance of the symbol above the grid increased. Most significantly, the introduction of the second reference line totally eliminated the effect of distance above the grid, reducing the azimuth error in Fig. 4 . Probably the f i t computerdriven, head-mounted viewing device. It was developed by Ivan Sutherland to give the viewer the illusion of actually being in the synthetic world defined in the computer [21] . Typical displays seen in the viewing device are depicted at right. Reproduced by permission of the University of Utah.
some cases by almost 50%. These experimental results show in a concrete way how appropriately chosen symbolic enhancements can provide not only qualitative but also quantitative improvement in pictorial communication. They also show how appropriate psychophysical investigations can help define spatial instruments. Knowledge of consistent spatial misinterpretations developed from such experiments can be used to create distorted displays that trick the viewer into making a correct interpretation. Designers can learn to place objects where they are not, so that viewers will see them where they are!
COMBINED GEOMETRIC AND SYMBOLIC

ENHANCEMENTS
Some enhancements combine both geometric and symbolic elements. One interesting example is provided by techniques connecting the photometric properties of objects or regions in the display with other geometric properties of the objects or regions themselves. Russell and Miles [19] , for example, hdve controlled the transparency and self-luminosity of points in space with the gradient of the density of a distributed component and produced striking visualizations of threedimensional phenomena and objects otherwise Unavdilable. These techniques have been applied to data derived from sequences of magnetic resonance images (MRI) or computed tomographic (CT) scans, and they allow a kind of electronic dissection of medical images in which different tissues can be selectively visualized [20] .
Though these techniques can provide remarkable images, one of the challenges of their use is the introduction of metric aids to allow the viewer to pick up quantitative spatial information after the photometric transformation has made visible the normally invisible spatially distributed phenomena.
c OMPUTATI ONAL ENHANCEMENTS
While considerable computation may be involved in the rendering and shading of static pictures, the importance of computational enhancement is also particularly evident for shaping and placement of objects in interactive spatial instruments. In principle, if unlimited computational resources were available, no computational enhancements would be needed. The enhancements are necessary because resources must be allocated to insure that the image is computed and displayed in a timely and appropriate manner.
An example of computational enhancement can be found in the design of special-purpose hardware used for head-mounted, head-slaved virtual image computer displays of the type pioneered by Ivan Sutherland [21] . In such displays, for which the display hardware is actually worn on the head (Fig. 4) , it is essential that the image be recomputed and updated quickly, because the presentation technique makes the picture appear in some ways like real space in which the viewer may move around. Accordingly, short time lags in picture presentation can disturb visual-vestibular coordination, producing nausea and disorientation. Specialpurpose electronic hardware is generally needed to compute the presented images with adequate speed.
A second example of a computational enhancement is shown on the interactive proximity operations orbital planning tool developed by Art Grunwald and myself at the Ames Research Center (Fig. 5 ). This display was designed to assist astronauts in controlling small orbital maneuvers. When the tool was first implemented, the operator was given control of the direction and magnitude of the thrust vector used to change orbits; these variables seemed reasonable, since they are the inputs basic to making an orbital change. The nonlinearities and the counterintuitive nature of orbital dynamics, however, made manual control of a predictor display-cursor driven by these variables nearly impossible. The computational trick needed to make the display tool work was to give the user control over time and position and to allow the computer to calculate the required burn direction and magnitude through an inverse orbital dynamics algorithm. This technique provided a good match between the human users' planning abilities and the computers' massive computational capacity.
A third example of a computational enhancement is shown on the same tion so that the astronaut could control 7-G. planning tool to tions also provide a kind of prophesy for the displays to be used in future unstaffed and staffed exploration of air and space. Like most human activities, this exploration is not an endeavor that can be automated; it will require iteration, trial and error, and interactive communication between people and machines and among people. The media for such communication must be designed. Some of them will be spatial instruments.
